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Abstract

Fractures are the main flow channels for oil and gas in the Permian Jiamuhe Formation volcanic reservoir in the Jin-
long 2 Oilfield at the northwestern margin of the Junggar Basin. Moreover, according to core, thin section, and image
logging data analyses, the fractures in this area are dominantly semifilled or unfilled high-angle fractures, followed
by semifilled low-angle oblique fractures and vertical fractures. Furthermore, the image logging results show that the
fractures are oriented nearly east-west, approximately parallel to the direction of the present-day maximum principal
in situ stress, and they have good flow effectiveness. In addition, the development of volcanic reservoir fractures is
mainly affected by structure and lithology. Moreover, the fractures are primarily distributed in strips along the faults.
The closer to the fault, the greater the structural curvature and the more developed the fractures. In addition, the frac-
tures of intermediate—acid volcanic lava and pyroclastic lava are well-developed in the study area. Additionally, the
fracture development characteristics of a single well are determined by calculating the fracture density, fracture dip
angle, and fracture porosity. Ultimately, combined with the prestack seismic prediction method, i.e., amplitude versus
azimuth (AVAZ), the attenuation initial frequency attribute is selected to predict the fracture distribution characteris-

tics of the Jiamuhe Formation volcanic reservoir.
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Introduction

With the development of the global petroleum industry,
volcanic oil and gas reservoirs have gradually become
an important field of petroleum exploration and
development. However, volcanic reservoirs are generally
characterized by deep burial, complex structure, rapidly
changing spatial variation of lithology and lithofacies, and
strong heterogeneity, challenging reservoir description
and prediction [1-10]. Moreover, the existing volcanic
reservoir exploration and development practices have
demonstrated that the degree of fracture development is
an important factor in controlling oil and gas migration
and reservoir enrichment and is favorable for efficient
reservoir development. The fractures provide effective
fluid flow channels, improve the oil and gas flow capacity,
increase reservoir space, and enhance the drainage
capacity and area [9, 11-22]. Therefore, describing
volcanic reservoir fracture characteristics, analyzing
the main controlling factors of fracture development,

and predicting fracture distribution become essential to
volcanic reservoir prediction, which is significant for
effective exploration and development [5, 17, 23-28].
Moreover, the Jinlong 2 Oilfield in Xinjiang is located
in the southern part of Zone 5 in the Karamay Oilfield,
on the eastern slope of the Zhongguai Uplift at the
northwestern margin of the Junggar Basin, where the
Permian strata is one of the main oil systems. In 2012,
high-yield commercial oil and gas flow was discovered
in Well JIN201 in the Permian Jiamuhe Formation,
which served as the prelude to exploring and developing
a deep volcanic reservoir in this area.

The widespread fractures in the Jinlong 2 Oilfield
volcanic rocks result from multiphase tectonic
movements, and the fracture description of the Jiamuhe
Formation volcanic reservoir has been complex. In
addition, this study uses core observations, Formation
Microscanner image (FMI) logging [3, 14, 29-33], and
scanning electron microscopy data to identify the
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fracture characteristics of the volcanic reservoir, summarize
the fracture development behavior, and predict the fracture
density and orientation through prestack seismic inversion.
The study results provide a geological basis for the efficient
development of the Jiamuhe Formation volcanic reservoir.

Geological Settings

The Jinlong 2 Block of the Jinlong Oilfield is located in the
Karamay Oilfield (Fig. 1). The Permian Jiamuhe Formation
(P1j) is the primary oil-bearing layer of the volcanic reservoir.
It is deeply seated with an average depth of 4000 m (Fig. 2).
Moreover, according to core observations and thin section
identification, the lithology of the volcanic reservoir in the
study area can be divided into three categories: volcanic lava,
pyroclastic lava, and pyroclastic rocks. Subdivided further
by composition, the volcanic lava includes basic basalt and
amygdaloid basalt, intermediate—basic basaltic andesite,
intermediate andesite, intermediate—acid dacite, acid rhyolite,
vesicular rhyolite, and spheroidal rhyolite; pyroclastic lava
includes basic basaltic (welded) breccia and intermediate
andesitic (welded) breccia lavas; and pyroclastic rocks
include intermediate andesitic agglomerate and andesitic
breccia, intermediate—acid dacite tuff, and acid rhyolitic
crystal tuff. Eight lithologies in three categories have been
identified in the Jiamuhe Formation (Table 1), of which the
favorable reservoir lithologies are andesitic volcanic breccia,
volcanic breccia lava, andesite, and rhyolite. Volcanic
explosive and eruptive facies are the main lithofacies units.
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The volcanic reservoir in the study area has low porosity
(7.9%-20.4%; avg. 12.3%) and low to ultra-low permeability
[(0.01-752) x 107% um?; avg. 0.69 x 1073 um?]. Thin section
observations indicate that the reservoir space comprises
amygdaloid dissolved pores, vesicle and matrix pores,
intraphenocryst pores, and microfractures. Moreover,
according to mercury intrusion porosimetry experiments,
the Jiamuhe Formation volcanic reservoir contains mainly
micro—fine throats, with a maximum pore throat radii of 0.3
— 4.1 pm and dominant pore throat radii of 20-0.5 um and
moderately to poorly sorted, with displacement pressures of
less than 0.03 MPa generally. In addition, such throats are
found mainly in favorable reservoirs dominated by vesicles,
amygdaloid andesite, andesitic volcanic breccia lava, and
volcanic breccia. Fractures are widely developed in the
reservoir, serving as the main flow channels of oil and gas in
the study area.

Materials and Methods
Characteristics and Controlling Factors
Fracture Characteristics

Based on the core observations, image logging data, and
thin sections, the natural fractures in the Jiamuhe Formation
of the Jinlong 2 Oilfield can be divided into diagenetic and
structural fractures according to their genesis. Diagenetic
fractures can be subdivided into condensing shrinkage,
breccia intergranular, interlayer, and dissolved fractures.
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Fig. 1 Location of the Jinlong 2 Oilfield
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Stratigraphic system
Depth Lithology Description 10 il
" " ayer
Erathem | System Stage [Formation (M) yer
Cretaceous| Tuguluqun K te 2000 Brow grey sand, con-
= 1t glomerate, siltstone
S ‘II i _l t,. Grey silt with sand,
ontunue ? maple mudstone 1
Alternation of dark
2200 sand and mudstone
w Alternation of dark
E sandy mud and
(g Is mudstone
a2
e 2400 Alternation of grey
sand and mudstone
T
=
-
@
& 2600
o
= .
34 Alternation of dark
g & sandy mud and
S 3 Ib 2800 mudstone
o =
=
3000
Grey fine sand
?_ 3200
= T.b S
= Alternation of dark
£ sand and mudstone
3 3400
2 7 .
28 ;-}-:; Grey sand
o 5 -
@ 143 Tik
e 3600
=
e s Grey-green sand —
E = T.k, with fine gravel
Ea and mudstone
Z= 3800
Brow-red sand with
Baikouquan Tb mudstone
Paws | 4000 —
o s P.w S s Brow-red sand, gravel
o = g‘_‘g ik and dark green
@, 5 =R shaly conglomerate
g E Ll ?.«Wl
& = - ] P
= e Grey andesitic welded
E Pj Los >~ _lbreccia,andesite,
E. rhyolite and grey-
s green tuff
|_..__| |_....| lo-o- |/\ \r| ]VVV
mudstone mu ddy sz{rldstnnc tuff andesite
siltstone with gravel

Fig. 2 The stratigraphic sequence of Jinlong 2 oilfield.
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Table 1 Lithologic features and reservoir space types in the volcanic reservoir of the Jiamuhe Formation, Jinlong 2 Oilfield

Typical]| Reservoir space
Rock types Colors Textures Structures Core photo
wells types
. Dark  gray, . Massive, Amygdaloid pores,
Volcanic lava Basalt Interstitial .| JIN201 .
gray-brown amygdaloid microfractures
Amygdaloid, Vesicles, amygda-
. Gray-green, . .yg JIN204, . }_lg
Andesite Hyalopilitic vesicle, mas- loid pores, microf-
green-gray . JIN208S
sive ractures
Rhwolit Gray, light | Felsophyric— | Rhyolitic struc- | JIN 204, | Vesicles and ma-
olite
Y pink microgranular | ture JIN 213 | trix-dissolved pores
. Basaltic brec- | Dark  gray, . . Amygdaloid pores,
Pyroclastic lava . Welded breccia | Amygdaloid JIN201 .
cia lava gray brown microfractures
o Amygdaloid, | JIN204, | Vesicles, amygda-
Andesitic | Gray-green, . . . .
. Welded breccia | vesicle, mas- | JIN208, | loid pores, microf-
breccia lava | green-gray .
sive JIN213 |ractures
Andesit- Vesicles, matrix
. . . | Gray, gray | Tuffaceous . JIN201, .
Pyroclastic rocks | ic  volcanic . Massive pores,  microfrac-
. brown breccia JIN214
breccia tures
L matrix dissolved
Gray-brown, | Lithic, crystal, .
. . . JIN204, | pores, intracrystal-
Dacitic tuff gray-green, | breccia, tuffa- | Massive . :
JIN208 JL2 | line pores, microf-
gray ceous
ractures
o Matrix-dissolved
Rhyolitic . . .

. Gray, light | . Rhyolitic and pores, intracrystal-
crystalline . Lithic, crystal . JL2 . :
tuff purplish red massive line pores, microf-

u
ractures

The fractures can also be divided into four types according to
the dip angle: horizontal fractures (dip angle < 15°), low-an-
gle fractures (15° < dip angle < 45°), high-angle fractures
(45° < dip angle < 75°), and vertical fractures (75° < dip an-
gle <90°) (Table 2). Furthermore, horizontal fractures often
develop in basalts, low to high Angle fractures can be seen in

basaltic breccia lavas, and high Angle vertical fractures are
common in Andesitic breccia lavas. Based on the cores and
FMI data analysis (Fig. 3), the fractures in the study area are
dominantly high-angle and vertical structural fractures, and
the distribution range of fracture angles encompasses 6.3%
for horizontal fractures, 8.6% for low-angle fractures, 42.6%
for high-angle fractures, and 42.5% for vertical fractures.
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Table 2 Types and characteristics of fractures in volcanic reservoirs of the Jiamuhe Formation in Jinlong 2 Oilfield

Item | Fracture type Characteristic Item | Fracture type Characteristic

A CIV AL i
Ger i o
e t,:i i

SR SR

Condensing shrink-
age fractures

Horizontal fractures (dip
angle <15°)

Basalt

Breccia intergranu-
lar fractures

Low-angle fractures
(15°< dip angle < 45°)

saanjoely onjouager(

High-angle fractures

Interlayer fractures (45° < dip angle < 75°)

Andesite Basaltic breccia lava

SISOUOD)
90ULLINGIQ

Dissolved fractures

Full-filled fractures in the
andesite

Vertical fractures (75° <
dip angle < 90°)
Structural fractures
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45 6
40 |
35}
30 F
2 .
S 25F
=77
8 20}
=
4 -~
S 15}
~ ol - 8.6
5 i . .
0
<15° 15°~45° 45°~75 750~90°
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Fig. 3 Fracture dip angle distribution by core observation (6.3% for horizontal fractures, 8.6% for low-angle fractures, 42.6%
for high-angle fractures, and 42.5% for vertical fractures, high-angle fractures are relatively developed)
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Table 1 The results of N, adsorption-desorption analysis.
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Catalyst | SBET (m%/g) | S external (m%*g) | V total (cm?/g) | V micropore (cm3/g) | V mesopore (cm*/g) D (nm) | HF®

Z-40 324 110 0.191 0.065 0.126 2.358 | 0.115
Z-120 374 215 0.287 0.086 0.201 3.069 |0.172
Z-200 364 200 0.241 0.069 0.172 2.648 | 0.157
Z-Ce 355 205 0.265 0.083 0.182 2.985 |0.181
Z-La 337 210 0.272 0.081 0.191 3.228 | 0.185

* HF = hierarchical factor = (V_._/V XS, /S..;)

Ammonia-temperature Programmed Desorption Analysis
The results of the temperature-programmed desorption
analysis for the synthesized zeolite samples are reported in
Fig. 7 and Table 2. As seen in Fig. 7, the ammonia desorption
profiles for all samples have desorption peaks in three regions:
low temperature, medium temperature, and high temperature.
These indicate three weak, medium, and strong acid site
types for all zeolite samples, respectively. The reason for
drastic changes in the amount of acidity for three synthesized
zeolites (Z-40, Z-120, Z-200) can be the Si/Al ratio or, more
specifically, the number of aluminum, according to which the
amount of acidity and strength of acidity will also change

[12,27]. It is said that the smaller the number of aluminum in
the zeolite unit cell, the more acid strength increases due to
the isolation of aluminum atoms in the zeolite. The amount
of total acidity and weak acidity in Z-Ce and Z-La samples
has increased compared to their primary zeolite (Z-120) due
to the RE compounds, possessing Lewis acidity properties,
due to the presence of valence electrons and empty f orbitals
in RE elements. Also, the amount of medium acidic sites has
increased in them. The increase in medium acid sites is due to
the interactions between metal species and inherent acid sites
in ZSM-5 zeolite [3, 21].
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The whole core in situ stress analyses and FMI logging
interpretations indicate that fractures in the Jiamuhe
Formation are oriented nearly E-W (120° + 5°), while
the nearly S-N fractures are rare (Fig.4). The fracture dip
direction interpreted by the core (black arrow) is basically
consistent with the fracture dip direction interpreted by the
imaging logging. The fractures are unfilled or semi-filled
and rarely fully filled, usually with calcite, indicating that
most of the fractures in volcanic reservoirs of the Jiamuhe
Formation are effective oil and gas reservoirs (Table 2). Core
observations and thin sections reveal traces of asphalt in
half-filled or unfilled fractures, which function as oil and gas
migration channels and occasionally for storage and seepage
(Fig. 5). The FMI logging interpretation indicates that the
fractures have dip angles mainly in the 20°-90° range, with

Journal of Petroleum Science and Technology 14(1): 41, 2024, Pages 16-30

an average of 65°, and high-angle fractures (dip angle >
45°) or vertical fractures are dominant (Table 3). The high-
angle fractures are mainly structural shear fractures with
flat fracture surfaces. The low-angle oblique fractures result
from shear and tension and are mostly filled or semi-filled.
According to previous studies [25], a fracture is effective
when the angle between the orientation and this maximum
principal stress direction is less than 30°. Moreover, the
interpretations of core in situ stresses and single-well FMI
logging results show that the orientations of the fracture in
the study area are consistent with the maximum principal
stress, and the natural fractures are effectively preserved.
Therefore, high-angle or vertical fractures are adequate for
developing volcanic reservoirs.
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Fig. 4 Jiamuhe Formation (P1j) fracture orientation interpretation results in the Jinlong 2 Oilfield
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1.00 mm

a. JIN204, 4287.29 m, welded tuff, elongated siliceous semi-filled  b. JIN201, 4168.55 m, andesitic volcanic breccia, microfractures,
vesicles locally; asphalt observed in pores and microfractures. chlorite, zeolite, and silicon; asphalt observed in microfractures

Fig. 5 The thin section of typical microfracture in the different volcanic rocks of Jiamuhe Formation (P1j)

Table 3 Formation microresistivity image (FMI) logging interpretation of fractures in Jiamuhe Formation (P1j) volcanic reservoir

Fracture density  Fracture lenth  Fracture with  Fracture porosity Fracture dip angle Fracture dip angle

well (fractures/m) (m) (mm) (%) ) distribution
15
. 22~4. . 55~3. . 02~0. . 01~0. ~70 3
JIN213 2.22~4. 54 0..55~3.18 0. 02~0. 05 0.01~0. 13 20~7 §.
3.02 1. 71 0. 04 0. 07 56 £
060 20 'dlszl‘:u_il:‘—‘g“ 70 80 90
. 2~4. . 43~4. . 0127~0. 1 . 01~0. ~ >
JIN201 0. 2~4. 67 0. 43—4. 47 0.012~0 0. 01—~0. 03 20—60 2
1. 87 2. 26 0. 06 0. 01 45 g
=4
“" 0 20 () 40 50 60 70
dip angle /*
1
0. 14~6.93 0.12~4. 47 0.02~0. 2 0. 01~0. 41 50~90 ::I
JL2004 g
2.36 1. 48 0. 09 0.15 65 e
”I 0 20 0 0 3 60 70 {1
dip angle /°
0.89~2.62  0.84~1.68 0.008~0.017 0.008~0.025 40~85
e 1. 47 1. 47 0. 01 0. 02 65 s
“) 0 20 30 40 50 60 0 X0 90
dip angle /*
"
JIN215 0. 02~6. 09 0.49~2.59 0.036—~0.186 0.018-0.227 30—80 g,
2.3 1.51 0. 09 0.13 58 : |||
% nl_nl nI 3050 60 70 K0 90
dip angle /°
Note: Range of value

Average value
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Controlling Factors

The structure and lithology are the main factors controlling
fracture development in volcanic reservoirs [34-44]. The
northwestern margin of the Junggar Basin experienced
multiple phases of tectonic movement, such as the Hercynian,
Indosinian, and Yanshanian orogenies. Moreover, the
Permian Jiamuhe Formation volcanic complex was mainly
controlled by the Hercynian and Indosinian movements,
resulting in a nappe overthrusting along the detachment fault
plane with a large fault throw from the slope in the east to
the Carboniferous paleo uplift in the ancient mountains in the
west. The study area contains two groups of reverse faults
(NW-SE and nearly E-W), which controlled the formation
of grouped structural fractures in the volcanic complex,
thus increasing the complex fracture system in the Jinlong 2
Oilfield. In addition, the NW-SE reverse fault was formed
under the nearly east-west compressive stress generated by the
subduction of the western Junggar Ocean to the Kazakhstan
Plate in the Middle-Late Carboniferous to Early Permian
during the Hercynian movement. The fractures formed in this
period are mainly NNE- and NNW-trending, tensional oblique
fractures, mostly filled in the late stage and rarely at a high
angle. In the Middle-Late Permian (from the late Hercynian
to the early Indosinian), the collision compression and thrust
gradually intensified, and the nappe continued to develop.
Moreover, affected by the compressive stress, a nearly east-
west, strike-slip reverse fault began to grow in the area. It
intersected with the preexisting NW-SE reverse fault, cutting
the study area into multiple fault blocks (Fig. 4). Affected
by the nearly E-W strike-slip fault, tensile-shear fractures
formed in this period, which are mostly high-angle fractures
with good opening, trending NE and almost E-W, with large
longitudinal cutting depth (length). In addition, the volcanic
rocks that formed in the study area were subjected to two
phases of strong compressive faulting, resulting in numerous
structural fractures, significantly improving the permeability
and reservoir capacity of the volcanic rocks. Generally, the
bedding planes are bent and deformed when the strata are
compressed by tectonic stress. Here, the relationship between
deformation and tectonic curvature can be used to predict the

30T

1.5

Average fracture density,fractures/m
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fracture distribution qualitatively.

Moreover, previous studies indicated that tectonic stress
differences affect the location and degree of fracture
development—the closer to the fault, the greater the structural
curvature and the more developed the fractures [15, 45-46].
This is true for the study area. Taking wells JL2010 and
JL2004 as examples, the former is 1600 m away from the
reservoir-controlling fault of the N—S boundary reservoir-
controlling fault, with an average fracture density of 1.47
fractures/m and its dip angle is mainly lower than 60°, while
the latter is 400-m away from the N—S boundary reservoir-
controlling fault, with the average fracture density of 2.36
fractures/m and the fractures are mainly high angle fractures
(mainly higher than 60°). Their fracture widths were also very
different. This phenomenon reveals the influence of faults on
the degree of fracture development. In addition, the structural
burial depth also has a controlling effect on the fracture. The
farther away from the fault, the greater the burial depth; the
drilling-induced fracture is the main fracture development.
The fracture development is relatively weak, such as JIN 216
and JIN220(see Fig.7g, Fig.7h). Thus, the structural position
is the main controlling factor of fracture distribution (Table 3
and Fig. 4).

Additionally, even under the same tectonic stress background,
the fracture development varies from lithology to lithology [42,
47-50]; see Fig. 6. The average fracture density of different
volcanic rocks ranges from 1.3-2.7, but the fractures exhibit
greater development in andesite (fracture density is 2.7) and
basaltic breccia lavas (fracture density is 2.3). High-angle or
vertical fractures developed in intermediate—acid volcanic lava
and pyroclastic lava (e.g., andesite, rhyolite, andesitic volcanic
breccia lava), while low-angle oblique fractures are found in
irregular massive pyroclastic rocks. Reticular fractures formed
by intersecting high-angle and low-angle oblique fractures
are primarily observed in pyroclastic and intermediate lava
(andesite), as seen in Fig. 7. In addition, under the same
tectonic stress background, volcanic breccia lava and andesite
are more prone to shear fracture owing to poor compression
resistance (Tables 1 and 2).

2.7
23
’ 1 4
1.48
I 13
0 I

Andesite  Rhyolite

Andesitic/
basaltic
breccia lava

Andesitic/basaltic/
volcanic breccia
&volcanic agglomerate

Tuff

Fig. 6 Average fracture density by lithology of Jiamuhe Formation (P1j) volcanic rocks (core observation statistics data from 10 coring

wells, the characteristics of fracture density distribution in different volcanic rocks. The fractures exhibit greater development in andesite

and basaltic breccia lavas.)
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Fig. 7 Typical thriving imaging logging and fracture density logs derived from image logs in the volcanic reservoir of the

Jiamuhe Formation (P1j).

Results and Discussion
Imaging Logging Identification and Description

Conventional logging data can only qualitatively identify
fractures. To quantitatively describe the fractures in
volcanic reservoirs and clarify the characteristics of fracture
development to support the efficient development of the
Jiamuhe Formation volcanic reservoir in the Jinlong 2
Oilfield, FMI (Formation MicroScanner Image) logging was
conducted [32, 49, 51-52]. Moreover, the fracture types and
their development in volcanic rocks with different lithologies
are identified based on the FMI logging data. As shown in
Fig. 7, the unfilled high-angle and vertical fractures are dark,
low-resistivity stripes, mostly running from top to bottom of
the core. In addition, the unfilled low-angle fractures exhibit

dark, sinusoidal bedding. The semi-filled or filled high-angle,
vertical, or low-angle fractures appear as white or bright
stripes. The vesicles and dissolved pores or vugs appear as
dark, low-resistivity spots. The volcanic breccia appears as
bright spots. Based on fracture and lithology identification,
the macroscopic fracture development is quantitatively
described, involving density, length, width, dip angle, and
porosity. Moreover, the FMI results show that the Jiamuhe
Formation volcanic reservoir fractures display relatively
large dip angles, mainly high-angle, vertical, and low-angle
oblique fractures. In addition, the average fracture density is
1.47-3.02 fractures/m, the fracture width is 0.01-0.10 mm,
and the fracture porosity is relatively small, with an average
of 0.01%—-0.15% (Table 3).
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Prediction of Fracture Distribution by Prestack Seismic
Inversion

The existence of fractures often leads to azimuthal anisotropy
of underground media, which changes the seismic attributes
(e.g., amplitude, frequency, attenuation). Moreover, the
seismic wave amplitude anisotropy intensity is directly
proportional to the fracture density. The more developed
the fractures, the more anisotropic the amplitude variation
with the azimuth. Prestack seismic data retain relatively
more offset and azimuth information, ensuring the prediction
of azimuthal anisotropy; therefore, they can describe the
fracture density more reliably and accurately. Furthermore,
the seismic wave azimuthal anisotropy characteristics can be
extracted from the prestack seismic data, and then the fracture
orientation and development intensity are analyzed according
to the variation of seismic attributes with azimuth (Fig. 8).
This approach is called amplitude versus azimuth or AVAZ
[17, 24]. As per the P-wave reflection theory, the P-wave
reflection coefficient changes with the incidence angle as
an ellipse for a large fixed incidence angle. In addition, the
oblateness of the ellipse indicates the fracture density, the
long axis of the ellipse indicates the fracture orientation and
the short axis of the ellipse indicates the fracture’s normal
direction. Accordingly, the responses of various seismic
attributes that change with azimuth are extracted from the
prestack seismic data containing the azimuth information.
In addition, vertical or high-angle fractures in rocks can be
detected by calculating the anisotropic ellipse.

In this study, referring to the Hudson fracture theory model
[53], the prestack common middle point (CMP) gathered data
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of Jinlong 2 Oilfield were treated using AVAZ and prestack
processing (including amplitude, frequency, attenuation)
after the fidelity and amplitude preserving processing of the
3D seismic data. Then, the stack migration processing and
attribute calculation were carried out for different azimuth
data volumes. The anisotropy intensity and indicative
fracture development degree of different amplitude dynamic
attributes (e.g., prestack maximum energy, relative wave
impedance, attenuation initial frequency) are compared.
Moreover, compared with the fracture density interpreted
by FMI logging data, the fracture density volume calculated
using the single-well-attenuation initial frequency (the
frequency value when the seismic amplitude is attenuated
to 85%) is closer to the actual interpretation result (0.3),
indicating a high coincidence rate up to 80% (Fig. 9). Thus, the
attenuation initial frequency attribute is selected to simulate
and calculate the Jiamuhe Formation fracture azimuth ellipse
in the study area. The short axis direction of the azimuth
ellipse indicates the statistical orientation (normal direction)
of the fracture in space. In addition the ratio of the long to
short axis is the flatness, which indicates the anisotropic
strength of the seismic reflection and can indicate the fracture
density so that the fracture density and orientation can be
predicted. Moreover, the maximum principal stress derived
from the core analysis and the fracture orientation interpreted
by FMI logging data are both oriented nearly east-west,
which is consistent with the fracture orientation predicted by
AVAZ (Fig. 10). Furthermore, this proves that the prediction
of fracture distribution by AVAZ in the Jiamuhe Formation of
the Jinlong 2 Oilfield is reliable.

Receiver point

[0 Long and short axis represent
the fracture orientation

[0 The ratio of long to short
axis represent the fracture

Attribute value corresponding
to Azimuth 1

Attribute value corresponding
to Azimuth 2

Attribute value

»

density

Attribute value corresponding
to Azimuth 3

Attribute value corresponding
to Azimuth 4

Azimuth 180°

Attribute value corresponding
to Azimuth 5

Fig. 8 Amplitude versus azimuth (AVAZ) schematic diagram.



H. He et al.

Time
/ms

JIN213 JIN213

2900

(a) Attenuation starting frequency

27

(b) Relative wave impedance

Journal of Petroleum Science and Technology 14(1): 41, 2024, Pages 16-30

Time
/ms

JIN213

2900

(c) Maximum prestack energy

Fig. 9 Prediction of fracture density by prestack seismic inversion (multiattribute comparison).
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Fig. 10 Predicted fracture azimuth and in situ stress of the fault block in well JIN208 in the Jiamuhe Formation (P1j).

As per the predicted distribution of fractures in the entire
study area (Fig. 11), controlled by both NW-SE and E-W
faults, the fractures are well developed in the Jiamuhe
Formation volcanic reservoir, and the closer to the fault,
the more developed the fractures are. Moreover, at the
axial intersections of fault blocks, the greater the structural
deformation, the higher the degree of fracture development.
This can be seen in the fault blocks in wells JIN208, JIN202,
and JIN209. The study area is structurally high and steep
in the north and low and gentle in the south. In addition,
fractures are more developed in the north than in the south.
According to slice-based fracture prediction, the development
of fractures is weaker on horizons that are farther from the
unconformity surface at the top of the Jiamuhe Formation.
The farther away from the fault is, the greater the burial depth
is, and the weaker the fracture developed, see Fig. 11a, Fig.
11b. Typical examples are the fault blocks in wells JIN214
and JIN201. In the areas with high fracture development
and good matching between open fracture orientation and
in situ stress direction, good results are obtained in single-

well oil and production tests. Moreover, for example, in
JL2010, where the fracture orientation is almost parallel
to this maximum principal stress direction, the oil test at
4158-4189 m revealed a daily production of 15.34kg oil and
1760 m® gas with a 3-mm nozzle. The later 51 kg production
test showed a cumulative oil production of 592.2 kg, gas
production of 3.3 x 104 m3, and water production of 46.4kg,
with an average daily oil production of 11.6 kg. In JIN212,
the fracture orientation forms a large angle (>30°) with the
present maximum principal stress direction, and primarily
low-angle oblique fractures are developed locally, with few
open fractures. As per the FMI interpretation, the daily oil
production was 0.6 kg, and the water production was 3.6kg
after perforation; after fracturing stimulation, the daily oil
production with a 3-mm nozzle was 14.5 kg. Fractures are
effective only when the dominant fracture orientation is
consistent with or forms a small angle with this maximum
principal stress direction; in such a case, the reservoir can
have a high yield.
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JIN206

(a) 10 m from the top of the Jiamuhe (P1j) Foration
(15 m from the top)

JIN206 |2

2 )

(b) 20 m from the top of the Jiamuhe (P1j) Formation

(30 m from the top)

Fig. 11 Predicted fracture distribution in the Jiamuhe Formation (P1j) in the Jinlong 2 Oilfield

Conclusions

According to the studies which have been carried out, the
following results are obtained:

1-The Jiamuhe Formation volcanic reservoir in the Jinlong 2
Oilfield has a variety of lithology, and reservoir characteristics
are mainly controlled by lithology and lithofacies. High-angle,
vertical, and low-angle oblique fractures are developed in the
favorable reservoir intervals in the study area. These fractures
are mostly unfilled or semi-filled and trend nearly east-west,
which is approximately parallel to the direction of this maximum
principal in situ stress, ensuring the opening of the fractures.
2-The complex fracture characteristics in the study area are
affected by two main factors: structure and volcanic rock
lithology. The structural fractures develop closer to the fault.
The greater the structural deformation, the higher the degree
of fracture development. The farther away from the fault, the
greater the burial depth. The drilling-induced fracture is the
main fracture development, and it is relatively weak.

3-The fracture development degree varies among volcanic
rocks withdifferentlithologies. High-angle orvertical fractures
are primarily developed in intermediate to intermediate—acid
volcanic and pyroclastic lava, such as andesite, dacite, and
andesitic volcanic breccia lava. Low-angle oblique fractures
are mainly developed in irregular, massive pyroclastic rocks,
such as volcanic breccia and volcanic breccia lava. Reticular
fractures formed by intersecting high-angle fractures and
low-angle oblique fractures are mostly found in pyroclastic
lavas and some intermediate lavas.

4-Considering that high-angle fractures dominate the study
area, AVAZ is used to quantitatively predict the spatial
distribution of fractures based on the single-well FMI logging
interpretation results. The prediction results are compared

with single-well FMI logging interpretation results, proving
that AVAZ can improve prestack fracture prediction reliability.
When the fracture development degree is high, and the open
fracture orientation is consistent with or forms a small angle
with the maximum principal stress direction, the single-well
oil and production tests have good results. Fracture prediction
by prestack seismic inversion provides an important reference
for deploying development wells in the study area.

5-High fracture development and good matching between
open fracture orientation and in situ stress direction, good
results are obtained in single-well oil and production tests.
The fractures are effective only when the dominant fracture
orientation is consistent with or forms a small angle with this
maximum principal stress direction, and the reservoir can
have a high yield.
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